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ABSTRACT
This study examined the capability of current geostationary satellite
sensors in resolving important mesoscale rain areas. The mesoscale
precipitation patterns were analyzed with radar and recording rain gage
data associated with midlatitude cyclones in New England that had
relatively little stratiform cloudiness in the upper trososphere.
Radar thresholding techniques were used to determine the spatial and
temporal scales of small mesoscale areas (SMSA's), of large mesoscale
areas (LMSA's), and major echoes. Radar analyses of the three cases
showed that the spatial scale of major echoes, LMSA's, and SMSA's were
sufficiently large for detection by GOES sensors. In addition, major
echoes and the LMSA's contained within them were found to have lifetimes
that are long relative to the time interval of half an hour between GOES
images. The duration of some SMSA's and all cells, however, was on the
same order as the time interval between successive satellite images.
Examination of the visible and infrared satellite imagery revealed
that the clouds detected in the infrared imagery in the vicinity of major
radar echoes were slightly colder then nearby clouds with little or no
precipitation. The visible imagery, however, could not separate raining
from non-raining areas. The colder infrared regions were able to separate
non-rain areas from broad areas in which most of the rain occurred.
Detailed comparisons of hourly recording rain gage observations from
within the cold infrared region of the GOES satellite showed, however,
that a relatively small percent (2-48%) of the gages located in the area
of coldest infrared temperatures actually recorded measurable rain.
Detailed analysis of the time change of radar echo area and mass flux
estimates compared to the time change of infrared satellite areas showed
little correspondence. For the cases examined in this study, GOES
sensors were not capable of distinguishing individual mesoscale
precipitation areas; and therefore, the GOES sensors do not appear
adequate for developing satellite rainfall estimation techniques in
midlatitude cyclones or in other large-scale features where cumulonimbus
clouds do not account for most of the precipitation.
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I. INTRODUCTION
For many years there have been near real-time and real-time
requirements for determining rainfall amounts over large areas more
accurately and quickly than is possible with the conventional observation
network. As examples of near-real time needs, hydrologists require
precipitation data for river basin and flood control studies, while
federal, state and local authorities make use of the same data to
manage water resources. In addition, agricultural forecasters require
the same information to assist farmers with crop management. One
particularly crucial use of detailed real-time rainfall information is
in the issuance of flash-flood warnings.
Flash floods are frequently associated with deep cumulus convection
that either remains, tends to form, or produces multiple cells that
propagate over the same location. Although meteorologists can forecast
general regions of deep convection with considerable skill, the space
and time scales associated with the cells that produce the flash floods
are on the order of a few kilometers and tens of minutes. Because of
the small space and time scales of the heaviest rainfall, it is frequently
not possible to issue specific flash-flood warnings for the critical
areas until the intense rain has already accumulated on the ground.
Weather radar has largely alleviated the problem of real-time
observation and warning of flash-flood situations in most of the eastern
two thirds of the United States since the time and space scales of radar
observations are far superior to the regularly reporting rain gage
network. However, weather radar estimates of rainfall are generally
limited to an area within 200 km of the radar in most locations and
even less in mountainous areas. In recent years, Stout et al. (1979) and
Griffith et al. (1980) have had reasonable success using geostationary
satellite imagery, both visible and infrared, to estimate rainfall
amounts associated with deep convection over the tropical Atlantic. These
estimates have been fairly realistic even though the satellite imagery
does not directly sense precipitation-size particles. The reason for
the success of these methods is that the physical mechanisms producing the
cumulonimbus cells and the accompanying cirrus anvils, viewed by the
satellites, account for approximately 95% of the precipitation over the
tropical oceans (Houze and Cheng (1977)). Early empirical studies of deep
convective systems showed that the brightest and, therefore, the thickest
portions of cirrus anvils were positively correlated with rainfall amounts
on the ground (Sikdar (1972)). Since the space and time scales of anvils
generated by individual cumulonimbus clouds are on the order of tens of
kilometers and 1-2 hours respectively, the life cycle of the anvil growth
and dissipation can be observed by current geostationary satellites.
Thus, it has been possible to develop statistical schemes to estimate
rainfall on the basis of the time evolution and thickness of the cirrus
anvil (Griffith et al. (1979), Stout et al. (1979), Scofield and Oliver
(1977) and Woodley et al. (1980)). These estimates of rainfall are fairly
accurate for space and time scales that are large compared to those of the
deep convection. For example, Woodley et al. (1980) have indicated that
for a 30 latitude-longitude square they are able to specify 24-hour
rainfall amounts in the eastern Atlantic to within a factor of 1.73 of
radar estimates. Estimates for periods of 2-3 weeks on the same spatial
scale indicate much closer agreements between radar and satellite.
Little attention has been given to the use of current geostationary
satellites in the detection of precipitating systems where the rainfall is
produced by relatively shallow convection. There are two main reasons for
this: (1) shallow convection contributes little to the total rainfall
in the tropics and (2) in middle latitude synoptic-scale systems, the
tops of the shallow convection are frequently embedded in or at lower
levels than high stratiform clouds generated by large-scale lifting.
Thus, the stratiform clouds can prevent the satellite from directly
observing the shallow convection. Nevertheless, Lovejoy and Austin
(1979) have claimed success using geostationary satellite visible and
infrared imagery in delineating precipitating from non-precipitating
clouds and in estimating rainfall in the vicinity of Montreal. However,
they also demonstrated that satellite imagery alone had very little
skill in delineating light (<2mm h-1 ) verses heavy (>2mm h-1 )
rainfall areas. Using the same data set of Lovejoy and Austin, Wylie
(1979) showed that rainfall produced by deep and shallow convection
could be estimated accurately with satellite images if the satellite
calculations were adjusted empirically on the basis of the output from
a cumulus cloud model that was initialized with the observed
thermodynamic structure at a nearby location. His study showed that
the best rainfall estimates, when compared to radar estimated rainfall,
were obtained when the infrared channel of the geostationary satellite
was used.
Radar studies of midlatitude cyclones in New England by Austin and
Houze (1972) and in England by Harrold and Austin (1974) revealed that
precipitation areas within an extra-tropical cyclone are characterized by
different scales, shapes, and intensities. On the largest scale
(1000 km), rather steady but light rainfall is produced by large-scale
lifting associated with the cyclonic circulation. The most intense
precipitation, however, is produced on very small scales (1-10 km) and
is characterized by buoyant parcels of air with relatively large vertical
velocities (several m s-1) in comparison to the large-scale synoptic
lifting (several cm s-1). Between these extremes, the radar studies
have shown that mesoscale precipitation areas contain all of the
convective cells and account for the majority of rainfall in the
cyclones. Undoubtedly, weather radar has been the most cost effective
means of observing the extent and intensity of the mesoscale features of
most precipitation patterns. However, weather radar is limited in its
areal extent over land, particularly in mountainous areas, and virtually
does not exist over most oceanic regions. The motivating factor for
research in this thesis is to determine if present geostationary
satellites, which view far greater areas than the weather-radar network,
are capable of observing the mesoscale precipitation produced by
relatively shallow convection in middle latitudes.
The dominent space scales and the corresponding general time scales
of mesoscale precipitation have been established in previous radar studies
of cyclonic storms in New England (Austin and Houze (1972), Reed (1972)),
and in Great Britain (Harrold and Austin (1974)). The work described in
this study is an attempt to specify the mesoscale features observed by
radar during rain events that contained only relatively shallow convection
and to determine how accurately the current geostationary satellite
images resolve these mesoscale features. Therefore, the intensity of
rainfall on various spatial and temporal scales was examined to determine
those mesoscale features that satellite sensors must detect in order
to estimate rainfall totals accurately. Radar thresholding techniques,
based on the work of Freeman (1972) and Bjerkaas (1977), were used to
depict mesoscale precipitation areas. Satellite visible and infrared
imagery in the vicinity of radar echoes were examined for three cases
that were characterized by relatively little high stratiform cloud to
determine if present satellite sensors could delineate precipitating
from non-precipitating regions within the cloudy areas as was reported
in the Montreal study of Lovejoy and Austin (1979). Infrared satellite
thresholded cloud areas were also compared to echo areas to determine
if satellite imagery alone possessed skill in estimating rainfall
totals.
II. BACKGROUND
A. Mesoscale Structure of Precipitation Within Extra-Tropical
Cyclones
Prior to the development of weather radar in the 1940's,
analyses of rain gages suggested that areas of precipitation probably
occur in many sizes, shapes, and intensities simultaneously within a
single storm system. When improvements in electronics permitted radar
observations to be recorded on microfilm and subsequently on magnetic
tapes, researchers began to notice that the radar echoes were organized
into recognizable patterns. The highly organized nature of mesoscale
precipitation patterns in midlatitude cyclonic storms was noted by
Austin and Houze (1972) in New England, and Harrold and Austin (1974)
in England. Their results showed that subsynoptic-scale features
formed the basic components of most precipitation patterns and that
these features had clearly definable characteristics and behavior.
One important aspect in the horizontal distribution of precipitation
in cyclonic storms of all types is the tendency for precipitation to form
in mesoscale bands or lines. Table 1 is a precipitation distribution
model for midlatitude cyclonic storms that synthesizes radar observations
made during project CYCLES (CYClonic Extra-Tropical Storms) in the State
of Washington (Houze et al. (1976), Hobbs (1978)) and is based upon the
reported findings of their investigations. The typical size, location,
and orientation of major rainbands detected by radar are listed. These
mesoscale rainbands occur with varying intensities in different cyclones
and may not all be present in a particular cyclone.
Typical Width
Pre-warm
Warm frontal
Warm sector
band
Warm frontal
Warm frontal
Warm sector
50 kmAhead of and
parallel to
warm frontal
zone
50 kmAssociated with
surface warm
frontal zone
In warm sector 50 km
parallel to
surface cold
front
Cold and post Cold frontal
cold frontal
Pre-frontal
cold surge
bands
Wave like
bands
Post frontal
bands
Pre-frontal
Pre-frontal
cold surge
Post cold
frontal
Generally straddle
or are behind and
parallel to surface
cold front
Straddle and
parallel to pre-
frontal cold surge
aloft in an
occlusion
Situated within
pre-frontal cold
surge aloft in an
occlusion
Form well behind
and parallel to
surface cold
front
TABLE 1
Type Category Location
50 km
50 km
50 km
25 km
B. The Finer Structure of Precipitation Within Rainbands of Extra-
Tropical Cyclones
The precipitation patterns in rainbands also show organization
and coherence on the small mesoscale (areal extent of 50 to 1000 km2 ).
Past radar studies have shown that precipitation on the small mesoscale
tends to have preferred sizes and that each small mesoscale area behaves
as if it were a distinct entity. Austin and Houze (1972), and Reed (1972)
were able to identify reoccuring small-scale precipitation patterns while
examining microfilmed radar observations of New England storms. The
preferred areal extents that they found are summarized in Table 2.
Table 2
Feature Areal Definition
of Feature
(km2)
Synoptic
Large Mesoscale
Areas (LMSA)
Small Mesoscale
Areas (SMSA)
Cells
>10 4
103 to 104
50 to 103
Typical Areal Extents Duration of
of Features Based on Feature Based
Radar Studies on Radar Studies
(km2 ) (h)
2 x 103 to 5 x 103
100 to 500
>12
1.5 to 4
0.5 to 4
3-10 0.7
Within rainbands of most extra-tropical cyclones, the movement
and behavior of Small Mesoscale Areas (SMSA) are closely related to the
cellular activity contained within them. Convective cells are generally
the smallest precipitation elements observable by radar. They are
normally embedded within an identifible SMSA or in a cluster of radar
echoes forming an area similar in size to a SMSA as defined in Table 2.
At least one cell is present within a SMSA, however, there can be several
cells. The dimensions and intensities of convective cells range from
less than 500 meters across with rainfall rates of a few millimeters per
hour, to a few kilometers as in thunderstorms that have instantaneous
rainfall rates on the order of 50-100 mm h-1. The spatial and temporal
scales of most non-cumulonimbus convective cells in extra-tropical
cyclones undoubtedly preclude detection by current and planned polar or
geostationary satellites.
Although Large Mesoscale Areas (LMSA) are not directly related to
SMSA's in behavior, they generally consist of one or more SMSA's. The
movement of LMSA's is more closely related to the movement and behavior
of the larger scale rainband than to SMSA's themselves. Fig. 1 is a
schematic of a LMSA with two SMSA's and cells embedded within them.
Note that the cells are not necessarily embedded within the SMSA's but
are generally always within the LMSA. Fig. 1 is based on the New
England radar studies of Austin and Houze. One must bear in mind that
these areas continually change in form, size, and intensity with time.
When rainfall rates from these areas are considered, Austin and Houze
found that precipitation intensity for cells was 2 to 10 times that of
the average rate for SMSA's. The average precipitation intensity in
LMSA's was found to be half of SMSA's, while the precipitation intensity
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Fig. 1
Schematic of cells (stippled areas), two SMSA's (solid lines) within
a LMSA (dashed line). The contours that outline each feature can be
considered to indicate radar reflectivity levels or rainfall rates.
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of LMSA's was twice the synoptic-scale rainfall intensity. Although
cells have by far the largest rainfall intensity, Austin (1978)
found that the SMSA's and LMSA's in extra-tropical cyclones were the
major contributors to rainfall totals. Therefore, in order to estimate
rainfall totals accurately with satellite information on the mesoscale,
it is essential that satellite sensors adequately resolve SMSA's and
LMSA's since these areas contribute significantly to rainfall totals.
Table 2 suggests that the spatial and temporal scales of both SMSA's
and LMSA's are sufficient for detection at geostationary altitudes.
C. Restriction of Study to Midlatitude Precipitating Systems
Indirect satellite-rainfall specification schemes have been
developed for deep cumulus convective systems using current
geostationary satellites (Griffith et al. (1979), and Stout et al.
(1979)). Although the satellite-rainfall-estimation techniques were
primarily developed for deep convective systems in the tropics, similar
techniques have been developed for deep convective systems in
midlatitudes during the summer season (Scofield and Oliver (1977), and
Wylie (1979)). Precipitation generated by cumulonimbus cells and
their associated anvils is well suited for indirect satellite-rainfall
specification schemes, since the physical mechanisms that produce the
precipitation are also responsible for the generation of the highest
clouds (i.e. the cirrus anvils) that are observed by current geostationary
satellites (Sikdar (1972)). By monitoring the growth of the cirrus
anvils, the studies mentioned above have shown that satellite data can
be used to estimate rainfall rates or rainfall totals produced by deep
convection. This study, however, is primarily concerned with midlatitude
precipitation that is not associated with cumulonimbus development. In
such cases higher level layered clouds frequently prevent satellite
visible and infrared sensors from directly observing the shallower
precipitating clouds.
III. CASE STUDY OF THREE NEW ENGLAND RAIN EVENTS
A. Selection of Cases
Cases of precipitation, characterized by relatively shallow
convection, were selected as the focus of this study since relatively
little work has been done in the realm of satellite detection of shallow
precipitation in midlatitude cyclonic storms. Higher level clouds
associated with the large-scale synoptic lifting often obsure the shallow
convection that produces precipitation. In such cases, satellite rainfall
specification of these rainbands would be limited to microwave frequencies.
However, in some instances higher level clouds are essentially absent.
Therefore, cases of precipitation were selected based on the availablility
of coincident radar, satellite and rain gage data for the rare instances
where higher clouds were essentially absent. Although present satellite
visible and infrared sensors cannot directly detect precipitation-size
particles, it is of interest to determine whether these sensors could
detect LMSA's and SMSA's within rainbands in the absence of higher clouds.
A further restriction on the selection of cases required that all three
forms of data be available around local noon, thereby eliminating the
need for brightness normalization of the visible satellite imagery.
Rainband situations that were ultimately chosen occurred over the New
England and eastern New York region on April 19, May 5, and May 15, 1978.
Table 3 lists the periods of rain gage, satellite and radar data used in
this study. Rain gage and radar data were retrieved from computer tapes
archived by the Department of Meteorology at the Massachusetts Institute
of Technology (MIT). Rain gage data were recorded on an hourly basis.
The mean temporal resolution of the radar data for April 19 was 12 minutes,
May 5 was 19 minutes, and May 15 was 21 minutes. Half-hourly visible and
infrared satellite data on digital computer tapes were obtained from the
Geostationary Operational Environmental Satellite (GOES) archived at the
Space Science and Engineering Center (SSEC), University of Wisconsin.
Table 3
Range of times utilized in the three cases
Date
April 19, 1978
May 5, 1978
May 15, 1978
Rain gage
Time (GMT)
1600-2000
1500-2000
1500-2000
Satellite
Time (GMT)
1600-2000
1500-2000
1500-2000
Radar
Time (GMT)
1602-2153
1512-2017
1609-2017
B. Radar and Satellite Data Bases
1. The Radar Data Base
Digital radar data utilized in this study were taken by the
calibrated WR66 and WR73 weather radars operated by the Department of
Meteorology at MIT. Characteristics for both radars are given in Table 4.
The archived radar data at MIT are stored on magnetic tapes at a density
of 1600 bits per inch (BPI). In order to do the computer processing at
the Air Force Geophysics Laboratory's (AFGL) McIDAS* facility, the radar
data had to be rewritten on magnetic tapes at 800 BPI. After the archived
tapes were searched for the desired dates and times, the appropriate
data were then recorded on another magnetic tape at the reduced density.
Table 5 is a list of the radar data used in this study. On the average
5 elevation angles were present on the April 19 radar maps, 3 on May 5,
and 4 on May 15. The selection on the number of elevation angles scanned
by the radar is dependent upon the depth of the convective precipitation
at a fixed distance from the radar and is also dependent upon the distance
between the convective precipitation and the radar present at the time
of the radar scans.
*McIDAS: Man-Computer Interactive Data Access System
Table 4
Characteristics of MIT WR66 and WR73 Weather Radars
WR66 WR
Wavelength (cm) 10.5 5.
Frequency (MHz) 2850 55!
Beam Width (degrees between 1.35 1.
half-power points)
Pulse Length (V sec) 1.0 2.
Nominal Transmitted Power (kw) 600 25
Range (km) 200 20(
Table 5
73
5
50
40
0
0
0
Date
April 19, 1978
May 5, 1978
May 15, 1978
List of Times (GMT)
1602, 1612, 1622, 1632,
1647, 1657, 1707, 1717,
1758, 1819, 1832, 1842,
1912, 1922, 1937, 1947,
2007, 2017, 2049, 2059,
1512, 1527, 1557, 1612,
1642, 1717, 1728, 1743,
1813, 1943, 1932, 1947,
1609, 1624, 1710, 1725,
1817, 1832, 1847, 1917
1636
1727, 1747,
1852, 1902,
1957, 2007,
2143, 2153
1627
1758
2002, 2017
1740, 1758
Radar Used
WR66
WR73
WR66
2. The Satellite Data Base
Digital GOES satellite imagery over New England for the
selected dates was ordered from SSEC, the only organization that has
maintained a running archive of visible and infrared imagery for a
full earth disk at half hourly intervals since mid-1977. The visible
sensor is sensitive to reflected radiation in the .55 to .75 micron
range while the infrared sensor is sensitive to thermal radiation in the
10.5 to 12.6 micron range. Both sensors do not directly detect
precipitation-size particles. Table 6 is a list of satellite times
utilized in this study.
Table 6
Date
April 19, 1978
May 5, 1978
May 15, 1978
Times (GMT) of visible and
infrared imagery
1600,1630,1700,1730,1800
1830,1900,1930
1500,1530,1600,1630,1700
1730,1800,1830,1900,1930
2000
1500,1530,1600 1630,1700
1730,1800,1830,1900,1930
2000
Satellite
GOES-2
GOES-2
GOES-2
C. Radar Processing Software
Software, originally written by Bjerkaas (1977) to process
digital radar tapes, was modified to operate on the AFGL McIDAS facility.
The McIDAS version consists of two separate software modules. The first
module retrieves digital radar data from magnetic tapes and stores the
data on a McIDAS disk file in B-scan format, a format that treats the
radar data in R,O coordinates as if it were rectangular with X being R
and Y being 0. Although gross visual distortions occur with this
format, it is the most convenient method for examining the data. While
the Bjerkaas software processed the lowest radar elevation, the McIDAS
version processed all elevation angles present on the tape in such a
manner that each geographical point in the B-scan format contains the
maximum signal returned to the radar. This procedure tends to
overestimate the rainfall at the ground. Although the most intense
precipitation at the highest elevation angles may not reach the ground,
accurate positioning of the convection that produced the more intense
precipitation allows one to locate accurately areas of precipitation in
the satellite imagery.
Since McIDAS is a mini-computer with limited memory, radar data
could not be stored in large internal arrays as in the Bjerkaas software.
Therefore, highly specialized subroutines for input-output (I/O)
operations were written to minimize memory usage and I/O access times to
McIDAS disk files. The disk files in McIDAS essentially were the large
arrays necessary in the original Bjerkaas software. This specialized
software utilized modern programming techniques such as single-buffer
allocations for multiple I/O operations. Although I/O operations
operations increased by two orders of magnitude in the McIDAS version,
only 73 seconds of computer time were required to process a maximum of
six radar elevation angles.
Based on the radar thresholding work of Freeman (1972) and Bjerkaas
(1977), the second McIDAS module of the software retrieves data from a
disk file that contains radar data in B-scan format, and identifies areas
of precipitation at sequential intensity thresholds. The routine first
finds the maximum signal returned to the radar. Then the radar threshold
is adjusted in such a manner that the last four thresholds processed
are 38,34,30 and 26dBZ where 26dBZ is the minimum detectable signal of
both MIT radars. These thresholds only approximately delineate cells
(38dBZ), SMSA's (34dBZ) and LMSA's (30dBZ), but are considered suitable
for the purposes of this study. Once the software has scanned through
the entire radar array the threshold is decremented by four and a scan
through the data is repeated for the new threshold. This is done until
the 26dBZ threshold has been processed. The software yields areal
coverage, area-weighted centroid of the echo in polar coordinates, and
precipitation mass flux at and in excess of the given threshold, but
below the previously processed threshold. Processing of all radar
thresholds from maximum dBZ to 26dBZ in this manner allows examination
of all scales and intensities of echoes although only the final four
thresholds (38,34,30 and 26dBZ) were used in this study. The entire
B-scan map was searched to locate all areas of precipitation, however,
any point within 37km of the radar was considered ground clutter and
therefore eliminated prior to searching for echoes.
The second routine also required specialized I/O software to
eliminate large data arrays necessary in the Bjerkaas software. Data
compression techniques were used to reduce memory requirement and I/O
access times. A number of time consuming logic flaws were eliminated as
well. Although I/O operations increased by two to three orders of
magnitude, approximately 6 minutes of computer time was necessary to
process from maximum observed dBZ down to 26dBZ. Obviously less computer
time was necessary when fewer thresholds required processing.
D. Synoptic Situation for the Three Selected Cases
1. April 19, 1978
On this day, the surface maps for the northeastern United
States showed a small maritime high pressure area approximately 465 km
northeast of Boston and a 992-mb cyclone in southwestern Indiana. Figs.
2 and 3 depict surface pressure fields at 1200 and 1800 GMT respectively
on April 19, in the New England area. The Indiana cyclone was associated
with a closed circulation at 500mb situated over northern Illinois. A
prominent 500mb ridge, centered over New England at 1200 GMT, April 19,
moved off the coast in succeeding hours and the midtropospheric winds
gradually became more southwesterly. At the surface, an occluded front
stretched from the center of the Indiana cyclone through Ohio to
southeastern Tennessee where a cold front then extended through Alabama
and along the shore of the Gulf states. From the point of occlusion in
southeastern Tennessee, a warm front stretched toward the Atlantic Ocean,
approximately 350 km south of the New England coast at 1200 GMT. By 0000
GMT, April 20 the surface warm front moved to within 250 km of the New
England south coast, but never entered the area. Thus, the precipitation
that occurred in New England on this day could be characterized as
pre-warm frontal.
Precipitation at 1200 GMT, April 19 was confined to New
York, eastern Pennsylvania and New Jersey as seen in Fig. 2. The upper
air soundings at New York City (JFK), Albany (ALB), Portland (PWM), and
Chatham (CHH) are consistent with the distribution of precipitation at
the surface at 1200 GMT (Figs. 4-7) and show that, except for JFK, the
lower levels of the atmosphere (below 500mb) are too dry for precipitation
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to occur. For example, the ALB 1200 GMT sounding has a very dry layer
between 850 and 765mb. The 1200 GMT PWM sounding is dry above 985mb,
while the CHH 1200 GMT sounding is extremely dry between 895 and
460mb. The 850 and 500-mb facsimile charts archived at MIT on a
four year rotating basis indicate, however, significant advection of
warm and moist air over southern New England at lower levels. The
0000 GMT 20 April soundings for ALB, CHH and PWM show large increases
in moisture relative to the soundings taken 12 hours earlier as
well as more modest increases of temperature. On the basis of the
0000 GMT soundings, precipitation is possible in the vicinity of
these stations. MIT CAPPI radar maps showed that a pre-warm frontal
rainband extended along a northwest-southeast line and intensified
as the band moved toward the northeast over New England. Inspection
of all radar CAPPI scans revealed that precipitation in this line
was confined to the lowest 6 km of the atmosphere, a finding that is
in agreement with the general stability of the soundings at all
stations above 500 mb. Fig. 8 is a McIDAS plot of the 24-hour rain
gage totals showing that much of the New England area experienced
precipitation on this date. Tables 7A and B are frequency distributions
of rainfall rates for 116 recording rain gage stations throughout
New England and eastern New York during the period that radar and
satellite data were available. McIDAS software was developed to
access the location of each rain gage station. During the period of
interest, an interactive decision was then made as to whether satellite
observed clouds were over the station for each hour. With the McIDAS
electronic cursor placed over the rain gage location on the satellite
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image, the visible and infrared imagery for each hour was examined
to determine if either sensor was observing cloud or ground. If one of
the sensors showed cloud over the rain gage location, the site was
placed in the overcast condition. An appropriate McIDAS command then
tabulated the results for satellite observed overcast conditions (Table
7A) and clear conditions (Table 7B). Table 7B shows that cloud-free
areas in the satellite images had very little rain. On the other hand,
40% of the hourly observations from stations located in the cloud areas,
as determined by the satellite, reported measurable rainfall (Table 7A).
The Tables also indicate that for the most part rainfall in New England
and eastern New York was generally light.
Table 7A
Frequency distribution of rainfall rates for
on April 19, 1978
Rainfall Rate (in h- 1 )
Time(GMT) None .01 .02-.05
16 60 31 1
17 68 32 5
18 66 38 5
19 72 28 10
20 52 5 5
Totals 318 184 26
overcast conditions
.06-.10
0
0
1
2
2
5
Table 7B
Frequency distribution of rainfall rates for clear conditions
on april 19, 1978
Rainfall Rates (in h-1)
Time(GMT) None .01 .02-.05 .06-.10
16 23 1 0 0
17 11 0 0 0
18 6 0 0 0
19 4 0 0 0
20 2 0 0 0
Totals 46 1 0 0
The hourly rain gages, satellite images and radar (radar analyses
will be presented in Chapter IV) indicate that precipitation in New
England on this date was a result of shallow mesoscale convection that,
on the basis of the surface and upper air maps, occurred in a pre-warm
frontal rainband. Soundings suggest that cloud tops were generally
between 5 and 6 km with little or no cloud above this level. This
absence of high cloud is also supported by the satellite images.
2. May 5, 1978
On this day a secondary coastal storm was approaching the
New England south coast from the southwest. Figs. 9 and 10 depict the
pressure field over New England at 1200 GMT and 1800 GMT respectively.
The coastal low seen in the 1200 GMT analysis (Fig. 9) moved rapidly to
the northeast and was to the east of the map area at 1800 GMT.
Throughout this 6-hour period a small surface high pressure ridge was
situated over central New England, eastern New York and Pennsylvania.
Examination of the 500-mb facsimile charts showed that southwesterly
winds over New England at 1200 GMT May 5, gradually became more
northwesterly by 0000 GMT, May 6, as a small 500-mb ridge approached New
England from the west.
Precipitation in New England on May 5 was confined to
southern New England as seen in the plot of the 24-hour rain gage amounts
of Figure 11. The upper air soundings at 1200 GMT and 0000 GMT at JFK,
ALB, PWM and CHH (Figs. 12-15) are consistent with this distribution of
precipitation since they show that, except for PWM, the lower levels of
the atmosphere (below 500mb) are nearly saturated. Inspection of the
MIT radar CAPPI scans revealed that rainfall was limited to the lowest 6
km of the atmosphere with no major rainband in the area until 1932 GMT.
Earlier the echoes were small and scattered over Massachusetts,
Connecticut and Rhode Island. The precipitation on this day was very
light, as seen in the rainfall-rate frequency distributions from the
recording rain gages (Tables 8A and B). While only 15% of the hourly
observations recorded measurable rainfall, Tables 8A and B show that
all the rain was located in the overcast areas in the satellite image.
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Inspection of the radar and rain gage data indicates that the light
precipitation in southern New England on this day was a result of
stratiform precipitation, with Inspection of the radar and rain gage
data indicates that the light precipitation in southern little or no
mesoscale organization, that moved through southern New England and
southeastern New York in association with the coastal low. Although the
precipitation did not occur in mesoscale rainbands as in the two other
cases, satellite data for this day were examined in detail to determine
if differences in the imagery existed between this day and the two days
with mesoscale organization. When the stratiform type clouds viewed in
the satellite images were displayed on the McIDAS television monitor for
this day, there was relatively little difference between the clouds and
those that occurred during the April 19 and May 15 cases. Although the
radar data for this day were processed, no major echoes were detected by
radar.
Table 8A
Frequency distribution of rainfall rates
conditions on May 5, 1978
Rainfall Rates (in h- 1)
Time (GMT) None .01 .02-.05
15 83 7 0
16 86 5 0
17 84 8 0
18 89 2 0
19
Totals
88 4
430 26
0
0
for overcast
.06-.10
0
0
0
0
0
0
Table 8B
Frequency distribution of rainfall rates for clear
conditions on May 5, 1978
Rainfall Rates (in h-1 )
None .01 .02-.05
26 0 0
25 0 0
24 0 0
25 0 0
24 0 0
124 0 0
.06-.10
0
0
0
0
0
0
Time (GMT)
15
16
17
18
19
Totals
3. May 15, 1978
On this day, there was a weak ridge of high pressure that was
oriented from southwest to northeast through the center of New England.
A poorly organized cyclonic system, centered in northern Virginia, was
gradually moving eastward. Figs. 16 and 17 depict the pressure fields
in the New England region for 1200 GMT and 1800 GMT respectively. The
low in Virginia was associated with a strong cyclonic circulation at
500mb centered in northern Tennessee at 1200 GMT, May 15, which slowly
moved northeastward to central Virginia in the succeeding 24 hours. The
winds in the middle troposphere over New England were from the southeast
throughout the day. The 1200 GMT surface facsimile map showed that a
warm front stretched from the surface low in Virginia to a point 230 km
from the New England south coast. During the next 6 hours the
surface warm front moved northward very slowly.
Radar CAPPI scans showed that the precipitation that fell from
central Maine southward over New England resulted from an east-west
oriented rainband that moved northeastward from northern Connecticut and
Rhode Island to northern New Hampshire, Vermont and southern Maine during
the 4-hour period radar data were available. Thus the precipitation
associated with this system (Fig. 18) could be characterized as pre-warm
frontal. The radar CAPPI scans also showed, as in the two previous
cases, that precipitation was confined to the lowest 6 km of the
atmosphere. The upper air soundings at JKF, ALB, PWM, and CHH (Figs.
19-22) are consistent with the type and distribution of precipitation at
the surface at 1200 GMT. Note that the drizzle reported at 1200 GMT for
JFK must occur within the lowest 60mb of the atmosphere because above
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945mb the JFK sounding is far too dry for droplet formation. Some soundings
suggest that thin layered clouds may have been present above 500mb.
Inspection of the satellite imagery confirmed the presence of a band of
thin cirrus whose sharply defined southern edge extended northward from
the northern Massachusetts border, to the Canadian border at 1500 GMT.
The southern edge of the cirrus moved northward and by 2000 GMT it
extended along the Canadian border westward through central Maine.
However, the major radar echo detected on this day was south of the
extreme southern edge of the cirrus band, allowing satellite observation
of the lower stratiform cloud in the vicinity of the major echo.
Satellite, radar and rain gage data indicate that the
precipitation recorded in New England and eastern New York on this day
was due to a pre-warm frontal rainband moving through the area. The
frequency distribution of hourly rain gage data in Tables 9A and B shows
that the precipitation was light and that all of the reported hourly
rain was located within the overcast areas in the satellite images.
4. Comparison of rain gage observations for the three cases
Table 10 lists the totals of the hourly rain-rate frequency
distributions for all three days. As expected nearly all of the measurable
hourly rain (over 99%) occurred in the cloud areas, however, even in these
areas almost three quarters of the gage locations reported no measurable
hourly rainfall. The clear areas viewed by the satellite have essentially
no rain except for very rare showers from small, isolated clouds. Table
10 also shows that there was only a 0.5% chance of sampling greater than
0.05 in h-1 of rain with rain gages in the satellite viewed cloud
areas. Although the precipitation was generally light on all three
selected dates, the percent of stations measuring rain in the satellite
viewed cloud areas varied significantly between the three cases. On
April 19, measurable rain was observed in about 35% of the hourly
observations, while on May 5 and May 15, approximately 6% and 10%
respectively of the hourly observations had measurable rain.
Table 9A
Frequency distribution of rainfall rates for overcast conditions
on May 15, 1978
Rainfall Rates (in h- 1)
Time (GMT)
1500
1600
1700
1800
1900
2000
Totals
None
94
102
100
106
108
109
619
.01
15
10
13
10
7
5
60
.02-.05
7
3
1
0
0
0
11
.06-1.0
0
1
1
0
0
0
2
Table 9B
Frequency distribution of rainfall rates for clear conditions
on May 15, 1978
Rainfall Rate (in h-1)
Time (GMT)
1500
1600
1700
1800
1900
2000
Totals
None
0
0
1
0
1
.01
0
0
0
0
0
2 0
4 0
.02-.05
0
0
0
0
0
0
0
.06-.10
0
0
0
0
0
0
0
Table 10
Grand totals of rainfall rates for all three days and for overcast
and clear conditons
Rainfall Rate (in h-1 )
None .01 .02-.05 .06-.10
All overcast 1367 270 37 7
All clear 174 1 0 0
IV. RESULTS OF RADAR ANALYSES
The characteristic space and time scales of the precipitation that
occurred during the three cases were examined with digitized data from
the MIT radar to establish whether satellite-sensor resolutions are
adequate for detecting the precipitation. With the radar thresholding
study of Freeman (1976) as a guide, the processed radar data were examined
to determine (1) the spatial and temporal scales of major echoes
(radar echoes >26dBZ that reached at least 1000 km2 in size), the
LMSA's (>30dBZ) and SMSA's (>34dBZ), and (2) the relative contribution
by cells (>38dBZ), SMSA's and LMSA's to the total (all echoes >26dBZ)
precipitation of the major echoes. The McIDAS version of the Bjerkaas
software processed all radar maps for the selected cases.
A total of five major echoes were detected by radar on two of the
three selected dates. Four of the major echoes occurred on April 19,
one on May 15, and none on May 5, 1978. Table 11 is a temporal summary
of the five major echoes. The initial and final times that the echoes
were observed are defined as the times that the echo was first and
last seen on the B scan maps. These tabulations were completed in order
to determine the contribution of the major echoes to total radar
rainfall. Although small scattered echoes were visible on the May 5
B-scan maps, none achieved the size definitions of LMSA's or even
SMSA's. The results in Table 11 show that the temporal scale of major
echoes depicted by the 26dBZ (1.5mm h-1 ) threshold are well in excess
of the half hour interval of GOES image.
The temporal scales of SMSA's and LMSA's within the five major
echoes appear in Table 12. Echoes depicted by the 30dBZ (3.2mm h- 1)
threshold and within the size range of 103 to 104 km2 were labeled
as LMSA's, while echoes depicted by the 34dBZ (6.7mm h-1) threshold
which reached a size between 50 to 103 km2 were labeled as SMSA's.
Although echo A did not contain any SMSA's or LMSA's, the remaining
major echoes contained at least one LMSA and two SMSA's. The average
duration of all SMSA's was 49 minutes while the mean for all LMSA's
within four of the five major echoes was 91 minutes. The range of
lifetimes of SMSA's and LMSA's listed in Table 12 for study is in
agreement with the range for SMSA's and LMSA's definitions proposed
by Austin and Houze (1972), and Reed (1972) (see Table 2); however, the
average durations for the mesoscale areas in this study are at the
lower end of the range of lifetimes listed in Table 2. Because of the
limited number of cases that have been used, it cannot be accurately
determined whether the mean temporal scale of SMSA's is sufficient for
Table 11
Temporal summary of the five major echoes detected by radar for April 19
and May 15, 1978. A plus (+) sign preceding the time signifies that the
echo was probably present prior to the first available radar map and a
plus sign following the time indicates that the radar echo probably
extended beyond the last available radar map.
Designation Observed (GMT) Observed (GMT) (minutes)
April 19 A 1622 2007 225
April 19 B 1707 2017 190
April 19 C 1852 2153+ 181+
April 19 D 1937 2153+ 136+
May 15 E +1609 1917+ +188+
Table 12
Temporal summary of SMSA's and LMSA's within the five major echoes
detected on April 19 and May 15, 1978. Plus (+) signs have same meaning
as in Table 11.
Echo Area
Designation
Type
SMSA
LMSA
SMSA
SMSA
LMSA
SMSA
SMSA
SMSA
LMSA
SMSA
SMSA
LMSA
SMSA
SMSA
SMSA
SMSA
LMSA
Time First
Observed (GMT)
NONE
NONE
1819
1842
1819
1937
2059
2059
1937
2039
2039
2017
1609
1624
1624
1740
1609
Time Last
Observed (GMT)
1852
1922
1902
2039
2143
2153
2153
2059
1059
2059
1710
1710
1847
1758
1832
Duration
(min)
33
40
43
62
44
54+
136+
20
20
42
61
46
143
18
143
monitoring by current satellites. However, the duration of some SMSA's
listed in Table 12 and the time scale of these areas proposed by Austin
and Houze (1972) (see Table 2) are sufficient for monitoring on a
half-hourly basis by satellite. The mean temporal scale of LMSA's
indicates that half-hourly satellite images would be sufficient
for detecting these areas.
The time variation of the area enclosed by echoes A,B,C,D, and E,
and the SMSA's and LMSA's within the major echoes appears in Tables 13
through 17, respectively. The Tables show that the spatial scales of
major echoes and of the LMSA's and SMSA's within them are sufficiently
large to be detected by current geostationary satellite sensors (4 x 8 km
infrared and 1.5 x 2 km visible sensor resolution). One factor that may
preclude satellite estimation of point rainfall from cells and most
SMSA's in the data set used in this study is the small temporal scale of
cells and SMSA's relative to the satellite sensing time scale of half an
hour. However, if one is primarily concerned with estimating the
rainfall amounts for a large scale area (>10,000 km2 ) rather than
estimating point rainfall amounts, then the relative contribution to
precipitation amounts by cells and SMSA's may be small when compared to
the rainfall contributed by the major echo and LMSA's within them. This
is certainly not the case in the tropics or in flash-flood situations
where the cells provide a major bulk of the precipitation.
Time (GMT)
1612
1622
1632
1636
1647
1657
1707
1717
1727
1737
1747
1758
1819
1832
1842
1852
1902
1912
1922
1937
1947
1957
2007
Total Area of
All Echoes
(>26dBZ)
(km2)
2260
2540
2620
4530
5040
6080
7770
6890
8110
7390
6270
5950
6390
6250
5940
7000
7600
7960
8280
7630
7940
7790
8040
Table 13
Echo A area summary
Area of Echo A
Above (>26dBZ)
(km2)-
250
680
1030
3520
3990
4610
3990
3120
4860
3360
3100
2940
2590
2210
2120
2660
2190
1690
2210
970
970
630
310
Area of LMSA
Within Echo A
(km2)
Area of
SMSA
Within
Echo A
(km2 )
Table 14
Echo B area Summary
Time (GMT) Total Area of Area of echo B Area of LMSA
all echoes Above(>26dBZ) within echo B
(>26dBZ) (km2T (km 2 )
(km2)
1657
1707
1717
1727
1737
1747
1758
1819
1832
1842
1852
1902
1912
1922
1937
1947
1957
2007
2017
2039
6080
7770
6890
8100
7390
6270
5950
6390
6250
5940
7000
7600
7960
8280
7630
7940
7790
8040
8300
10560
630
2130
2130
2700
2630
2290
2350
2620
2750
2490
2390
2060
1880
1560
1370
890
700
290
250
30
1000
1000
1070
1170
1080
Area of SMSA's
within echo B
SMSA
B1
(km2)
50
100
80
50
---
---
---
---
---
---
SMSA
B2
(km2)
---
70
90
90
160
160
Time (GMT) Total Area
echoes
(>26dBZ)
-(km2)
1852
1902
1912
1922
1937
1947
1957
2007
2017
2039
2049
2059
2143
2153
7000
7600
7960
8280
7630
7940
7790
8040
8300
10560
10260
11000
13260
15230
Table
Echo C Area
Area of echo
C above
(>26dBZ)
( km2 )
440
1630
1720
3550
3940
4140
4050
4110
3820
5910
5000
6320
11470
12180
15
Summary
Area of LMSA
within echo C
(km2)
Area of SMSA's
within Echo C
SMSA SMSA
Cl C2
200
330
460
580
290
80
---
1290
1390
1210
1150
1260
1610
1270
1610
2090
2990
100
50
SMSA
C3
60
350
370
,,,
,,,
---
---
---
---
---
Table 16
Echo D area summary
Time (GMT) Total Area of Area of echo D
all echoes above(>26dBZ)
(>26dBZ) (km2)
(km2)
1937
1947
1957
2007
2017
2039
2049
2059
2143
2153
7630
7940
7790
8040
830
10560
10260
11000
13260
15230
150
270
550
1530
3120
3250
2490
1670
1030
1400
Area of LMSA
within echo D
(km2)
1120
1100
1180
1030
Area of SMSA's
within echo D
SMSA
D1
(km2)
510
130
80
---
SMSA
D2
(km2)
,,-
---
90
80
50
Table 17
Echo E area summary
Time (GMT)
1609
1624
1710
1725
1740
1758
1817
1832
1847
1917
Total area of all
Echoes (>26dBZ)
(km2)
3570
3760
3430
3410
3670
3760
3200
2470
2090
1090
Area of echo E
above (>26dBZ)
(km2 )
2440
2580
3080
3090
3260
3340
2340
1490
980
470
Area of LMSA
within echo E SMSA
(km2 )
1570
1400
2050
2060
2560
2480
1850
1130
El
(km 2 )
220
90
60
Area of SMSA's within echo E
SMSA
E2
(km 2 )
80
80
----
SMSA
E3
(km2)
60
260
320
340
780
590
80
70
SMSA
E4
(km2)
290
50
---
---
The downward mass flux (m3 s- 1 ) of rain within the area of an echo
was computed by the radar software and used to estimate the relative
contribution of rainfall by the major echo to the total estimated
precipitation of the radar map and to the major echoes alone by the
cells, SMSA's and LMSA's within them. Tables 18A and 18B list the
percentage contribution of mass flux by the major echoes to the total
mass flux of each radar map for April 19 and May 15, respectively. On
the average three quarters of the total mass flux of each radar map on
April 19 is accounted for by the major echoes, while on May 15 only 40%
of the total mass flux is accounted for by major echo E. The 35%
difference between the two days is explained by the presence of a larger
number of smaller echoes (generally less than 100 km2 ) on May 15.
Table 18A
Percent contribution to total mass flux of radar map by the major
echoes for April 19, 1978.
Time (GMT)
1612
1622
1632
1636
1647
1657
1707
1717
1727
1737
1747
1758
1819
1832
1842
Major echoes
present at map
time
A
A
A
A
A
A,B
A,B
A,B
A,B
A,B
A,B
A,B
A,B
A,B
A,B
% Mass flux
by combined
major echoes
11.2
28.4
32.8
73.5
74.2
74.9
64.5
73.1
89.2
82.1
86.2
86.9
85.6
82.3
83.5
Time (GMT)
1852
1902
1912
1922
1937
1947
1957
2007
2017
2039
2049
2058
2143
2153
Major Echoes
present at
map time
A,B,C
A,B,C
A,B,C
A,B,C
A,B,C,D
A,B,C,D
A,B,C,D
A,B,C,D
A,C,D
B,C,D
C,D
C,D
C,D
C,D
%Mass Flux
by combined
major echoes
82.1
80.0
72.5
89.3
86.4
86.0
80.0
76.2
93.3
94.6
85.1
82.9
80.5
77.2
Table 18B
Percent contribution to total
echoes for May 15, 1978
mass flux of radar map by the major
Time (GMT)
1607
1624
1710
Major echoes
present at
map time
% Mass flux
by combined
major echoes
38.8
32.8
44.0
44.7
46.8
1725
1740
Time (GMT)
1758
1817
1832
1847
1917
Major echoes
present at
map time
% Mass flux
by combined
major echoes
46.7
45.3
39.5
41.2
19.1
The relative contributions to the mass flux of major echoes A,B,C,D and E
by cells, SMSA's and LMSA's appear in Tables 19 through 23. On the
average 33.9% of the mass flux of major echoes was contributed by LMSA's,
13.4% by SMSA's and only 5.5% by cells (>38dBZ) on April 19. For May
15, 47.5% of the mass flux of major echo E was contributed by the LMSA,
37.6% by SMSA's and 12.2% by cells within the echo. On each day the
remainder of the mass flux for each major echo was contributed by radar
reflectivity levels greater than or equal to 26dBZ but less than 30dBZ
or by echoes with reflectivity levels greater than or equal to 30dBZ that
never reached the spatial definitions of SMSA's or LMSA's.
With the exception of the dramatic fluctuations in mass flux
contributed by cells (e.g. 32% at 2039 GMT for echo B, 35.1% at 2143
GMT for echo D and 24.7% at 1740 GMT for echo E), Tables 19 through 23
show that the rainfall contribution by the cells to the total mass flux
is relatively small. Therefore, the rainfall contributed by the cells
as defined in this study could be neglected without dramatically affecting
an average areal estimate of rainfall for a large area (10,000 km2 ).
This is encouraging since the small temporal scale of cells preclude
them from being monitored on current geostationary satellite sensing
time scales.
The question of the importance of the SMSA's to the total mass flux
is not adequately resolved in this study since the results are very
different on April 19 and May 15. On April 19, the SMSA's account for
13% of the total mass flux, while on May 15 the SMSA's contribute 38% of
the total mass flux. To develop real-time satellite rainfall estimation
techniques, additional radar analyses of the typical contribution of
SMSA's to area rainfall amounts are required.
Table 19
Echo A
Time (GMT)
1612
1622
1632
1636
1647
1657
1707
1717
1727
1737
1747
1758
1819
1832
1842
1852
1902
1912
1922
1937
1947
1957
2007
% contributed % contributed
by major Echo A by LMSA to
to total major echo A
% contributed
by all SMSA's
to major echo A
---11.2
28.4
32.8
73.5
74.2
65.6
50.4
49.0
58.1
44.7
44.0
47.8
32.0
25.5
24.1
26.2
22.2
21.8
26.4
16.2
15.2
11.0
6.0
% contributed
by all cells
(>38dBZ) to
major echo A
0.9
0.7
0.5
1.1
1.4
"'
"'
'"'
,,I
---
Table 20
Echo B
Time (GMT) % Contributed % Contributed % Contributed
by major echo B by LMSA to by SMSA's to
to total echo B Echo B
1657
1707
1717
1727
1737
1747
1758
1819
1832
1842
1852
1902
1912
1922
1937
1947
1957
2007
2017
2039
9.3
14.1
24.1
31.1
37.4
42.2
39.1
53.6
56.8
59.4
51.6
44.7
35.0
26.5
21.4
11.4
9.2
3.9
2.0
1.1
33.4
30.8
34.2
39.0
35.1
----
----
----
----
----
----
3.9
8.7
10.8
8.3
10.7
14.9
% Contributed
by cells
(>38dBZ)
to echo B
----
----
----
---
2.6
1.7
0.3
0.4
4.9
3.3
7.5
3.8
9.7
32.0
Table 21
Echo C
Time (GMT) % Contributed % Contributed % Contributed
by major echo C by LMSA to by SMSA's to
to total echo C Echo C
1852
1902
1912
1922
1937
1947
1957
2007
2017
2039
2049
2059
2143
2153
4.3
13.1
15.7
36.4
47.1
55.7
52.7
52.0
50.1
42.8
44.4
58.3
79.8
76.4
26.4
32.5
35.4
67.2
29.6
37.1
37.9
39.7
23.3
26.1
11.7
17.5
11.3
31.9
16.2
5.3
7.7
11.3
9.4
% Contributed
by cells
(>38dBZ)
to echo C
0.9
0.9
0.4
0.8
1.8
Table 22
Echo D
Time (GMT) % Contributed % Contributed % Contributed % Contributed
by major echo D by LMSA to by SMSA's to by cells
to total echo D Echo D (>38dBZ)
to echo D
1937 1.7
1947 3.7
1957 7.1 ---- ---- ----
2007 14.3
2017 41.2 35.9 ---- 0.8
2039 50.7 21.9 20.6 10.9
2049 40.7 31.2 14.5 4.9
2059 24.6 29.7 15.7 9.8
2143 0.7 ---- ---- 35.1
2153 0.8 ---- ---- 19.6
Table 23
Echo E
Time (GMT) % Contributed % Contributed % Contributed % Contributed
by major echo E by LMSA to by SMSA's to by cells
to total echo E Echo E (>38dBZ)
to echo E
1609 38.8 54.6 38.0 7.1
1624 32.8 61.0 35.8 3.1
1710 44.0 50.1 41.0 8.8
1725 44.7 49.3 33.3 17.1
1740 46.8 35.8 36.3 27.4
1758 46.7 33.3 47.0 19.4
1817 45.3 35.0 50.2 14.4
1832 39.5 60.5 27.9 11.4
1847 41.2 ----- 28.8 0.7
1917 19.1 ----
The radar analyses of the two rainband cases in this study indicate
that if estimates of rainfall in midlatitude systems based on satellite
imagery are to succeed, the clouds producing the rainfall within the
LMSA's and possibly the SMSA's must be observable by satellite sensors.
The results of the radar analyses show that the spatial and temporal
scales of rain producing clouds in LMSA's are sufficient for monitoring
by satellites. The results also show that the relatively shallow
convection producing the intense rainfall observed in cells in this study
need not be detected since they contribute little to areal average
rainfall. On the other hand, cells should be detected and monitored for
those situations when flooding is the result of persistent shallow
convective cells.
V. RESULTS OF SATELLITE DATA ANALYSES
Although present GOES satellites do not directly sense
precipitation-size particles, they do have the temporal resolution to
monitor all but the smallest mesoscale precipitation areas. Because
of this inability to measure precipitation-size particles, statistical
techniques have been developed to estimate tropical and midlatitude
cumulonimbus rainfall from the GOES observations. Rainfall estimation
from stratiform clouds in midlatitudes was attempted by Wylie (1979),
who used GOES imagery that was modified by the output from a cumulus
cloud model initialized with a nearby sounding. Lovejoy and Austin
(1979) also demonstrated that GOES imagery could be used to delineate
rain producing stratiform clouds in midlatitudes. For this reason,
GOES imagery was examined to determine if the visible and infrared
sensors could detect rain producing clouds and estimate rainfall
amounts associated with the stratiform clouds in the cases selected
for this study. Satellite meteorologists have long been aware that
rain producing clouds are generally brighter (visible) and colder
(infrared) relative to non-precipitating clouds. This is particularly
the case for cumulonimbus type clouds; however, Muench and Keegan
(1979), investigated techniques for specifying the rainfall rate from
stratiform clouds in midlatitudes using GOES imagery and found a similar
relationship between precipitation and satellite-observed cloud
brightness and temperature. Therefore, GOES visible and infrared
imagery were examined for the three selected dates to determine if, in
the absence of higher layered clouds, rain producing clouds were
also brighter and colder than surrounding non-precipitating clouds.
The McIDAS facility at AFGL was used to process all the satellite
images of April 19, May 5, and May 15, 1978. Navigated visible and
infrared pairs of GOES imagery over New England for all three dates
were loaded into McIDAS and displayed on the television monitor. The
satellite images covered an area within the 400N to 450N and 68.50N
to 74.50W latitude-longitude box. Visual inspection of all images for
the three days indicated that on April 19 and May 15 the infrared imagery
showed somewhat colder clouds in the general vicinity of the centroid
of the major echoes, the location of which was computed by the radar
software*. On the other hand, corresponding visible images indicated
that clouds in the immediate vicinity of the major echoes were generally
no brighter than those in other parts of the image. In essence, visual
inspection of all imagery for the three dates indicated that on April 19
and May 15, thermal thresholding of the infrared imagery might be able
to delineate precipitating from non-precipitating clouds, while on May 5
the generally uniform infrared radiances in raining and non-raining areas
precluded the delineation of those regions with precipitation. McIDAS
software was developed to plot the rain gage data onto the satellite
images viewed on the television monitor. The superposition of the rain
gage data onto the satellite imagery showed that the relatively colder
clouds sensed in the infrared channel on April 19 and May 15, were located
in the general areas where rainfall occurred. The uniform infrared
* With appropriate R, G centroid coordinates of the major echoes
and the location of the MIT radars, McIDAS's electronic cursor could be
commanded to the location of the radar centroid on the navigated satellite
imagery.
radiances on May 5 images showed no delineating capability when the rain
gage data were overlayed onto the images. Therefore, for April 19 and
May 15, it appeared possible that one merely had to determine an optimum
infrared threshold level for April 19 and May 15 in order to delineate rain
producing clouds.
Due to the limited time available to conduct this study, a subjective
determination of an optimum infrared threshold level on April 19 and May
15 had to be made. A subjective determination of an optimum visible
threshold was also attempted, although inspection of the visible imagery
strongly indicated none existed. The subjective determination of an
optimum threshold was made by examining frequency distributions of the
visible and infrared digital counts of each image viewed on the McIDAS
television monitor. This procedure was repeated for each day separately.
Since greater than 80% of each image on April 19, May 5, and May 15 was
covered by clouds, any peaks in the frequency distribution of digital
satellite counts above the mean would represent the brighter (visible)
and colder (infrared) clouds viewed on the television monitor. As stated
previously, other studies have indicated that these clouds have a higher
probability of producing rain than clouds that are warmer and not as
bright. The frequency distribution of visible counts for all three
dates showed no peak other than near the mean count for each image.
However, the frequency distributions of infrared counts on April 19 and
May 15 showed a peak above the mean count for each image, while no peaks
above the mean count on May 5 were observed. Superposition of hourly rain
gage data on the infrared imagery suggested that the peaks above the mean
observed in the frequency distribution of infrared digital counts on
April 19 and May 15 best separated rainy areas from larger areas with
little or no precipitation. On the average for April 19 the infrared
peak was centered at 172 digital counts (-29.00 C), and for May 15
the peak was at 175 digital counts (-30.50C). If the infrared digital
counts represent cloud top temperatures (assuming the clouds radiate as
black bodies), then the digital count (or temperature) of the infrared
threshold can be compared to the vertical temperature structure depicted
by the representative sounding for the area and day. On April 19,
-29.0 0 C corresponds to a height of approximately 7.2 km, while on
May 15, -30.5 0 C corresponds to a height of approximately 7.5 km
for the cloud top. Since these heights are about 1 km higher than
the maximum radar detected precipitation, the satellite may be
overestimating cloud top heights by approximately 1 km or a layer of
non-precipitating stratiform cloud may be located near 7 km.
A digital contrast stretch of the infrared imagery was then made
by commands through the software that blacked out all digital counts
with values less than the 172 threshold on April 19 and less than the
175 threshold on May 15. Then those digital counts at and above the
respective threshold were linearly scaled to the full digital range of
the satellite imagery (1-255). Figures 23 and 24 illustrate the
correspondence between the infrared threshold area and the precipitation
detected by radar (>26dBZ). Although the area enclosed by the satellite
threshold is generally larger than the area depicted by the 26dBZ contour,
some agreement in terms of general shape and orientation can be seen.
The McIDAS rain gage interactive software (described near the end of
section III., A., 2.) was then used to determine the degree of
agreement between the rain areas defined by the satellite infrared
threshold value and rain gage records for the hour ending at the image
Fig. 23
The 1800 GMT, 172 digital count infrared satellite threshold area (dashed
line) and the 1758 GMT, 26dBZ radar reflectivity level (stippled area) on
19 April 1978. Note the similar orientation and general shape between
satellite depicted threshold and radar area.
Fig. 24
The 2000 GMT, 175 digital count infrared satellite threshold area (dashed
line) and the 2002 GMT, 26dBZ radar reflectivity level (stippled area) on
15 May 1978'. Note the similar orientation and general shape between
satellite depicted threshold and radar area.
time. Tables 24A and B, and 25A and B summarize the results for those
rain gages both within and outside the satellite thresholded area for
April 19 and May 15 respectively. On April 19, 89% of the rain gages
that reported precipitation are within the satellite threshold area,
while on May 15 half are within the satellite threshold area. However, due
to the northeastward movement of the rainband on May 15, approximately
half of the rain gages outside the infrared threshold area were within
30 km south of the threshold area. The results illustrated in Fig. 20
and 21 together with Table 24A and B, and 25A and B show, as in the
Montreal studies of Lovejoy and Austin (1979) and Wylie (1979), that in
the absence of higher layered clouds, infrared satellite imagery is
capable of delineating precipitating from non-precipitating cloud areas.
Visual inspection of the infrared imagery enclosed by the subjectively
determine thresholds of 172 and 175 (for April 19 and May 15, respectively)
indicated that there were colder infrared temperature (higher infrared
digital counts) that corresponded even more closely to the areas enclosed
by the major radar echoes. As a final step in the study, the time
variation of both major radar echo areas and the mass flux of rain were
compared to the time change of these colder infrared areas. This
comparison was designed to determine if there is a relationship between
the time variation of the colder infrared satellite areas and a similar
variation of the radar echo areas (i.e. the mesoscale rain areas). The
procedure involved using McIDAS software to isolate each major echo and
to compute the area containing all image elements at the infrared digital
count (the IRDC) that most closely corresponded to the area of the major
echo. This procedure was then repeated for each digital count greater
Table 24A
Frequency distribution of rainfall rates within optimum infrared threshold
area for April 19, 1978
Rainfall Rate (in h-1 )
Time (GMT)
16
17
18
19
20
None
52
57
43
54
48
.01
26
29
33
27
50
.02-.05
1
5
5
9
4
.06-.10
0
0
1
2
2
Table 24B
Frequency distribution of rainfall
area for April 19, 1978
rates outside optimum infrared threshold
Rainfall Rate (in h- 1)
Time (GMT)
16
17
18
19
20
None
31
22
28
20
6
.01
6
3
6
2
5
.02-.05
0
0
0
1
1
.06-.10
0
0
0
0
0
Table 25A
Frequency distribution of
area for May 15, 1978
rainfall rates within optimum infrared threshold
Rainfall Rate (in h-1 )
Time (GMT)
15
16
17
18
19
20
None
22
38
19
16
23
14
.01
7
4
9
5
3
2
.02-.05
3
1
1
0
0
0
.06-.10
0
1
0
0
0
0
Table 25B
Frequency distribution of rainfall rates outside optimum infrared
threshold area for May 15, 1978
Rainfall Rate (in h-1 )
Time (GMT)
15
16
17
18
19
20
None
72
64
82
90
86
98
.01
8
6
4
5
4
2
.02-.05
4
2
0
0
0
0
.06-.10
0
0
1
0
0
0
than the IRDC up to the maximum infrared digital count observed for each
major echo. For example, with echo A on April 19 the area within the
digital count of 185 (the IRDC for radar echo A) and the area for each
digital count from 186 to the maximum digital count of 194 was computed
for each available satellite time. This was also done for each of the
four remaining major echoes where satellite infrared areas were determined
for the digital counts from 175-183 for echo B, 180-188 for echo C,
193-200 for echo D and 172-178 for echo E. Thus, the IRDC for the five
major radar echoes were 185, 175, 180 and 193 on April 19 and 172 on May
15. Then, the change in area between successive satellite infrared
images for each digital count at and above the IRDC and the change in
area between radar echoes at corresponding satellite times were computed
for each major echo. Thus, a rate of increase or decrease in area was
determined for the selected satellite digital counts and major radar
echoes. A correlation analysis was then made between the time change of
the infrared areas (at and above the IRDC for each major echo) and the
time variation of the major radar echo areas. The average correlation
coefficient of the time change of infrared and radar echo areas for all
major echoes was 0.06. A correlation analysis was also made between the
time change of radar estimated mass flux of rain for each major echo and
the time variation of the infrared areas (again at and above the IRDC
for each major echo). The average correlation coefficient between the
time change of precipitation mass flux and the time variation of the
selected infrared areas was 0.10 for all major echoes. Table 26A and B
lists the correlation coefficients of satellite infrared areas to both
radar echo areas and precipitation mass flux of the major echoes. Table
26A and B lists the correlation of these two cases indicate that GOES
infrared imagery cannot detect time variations in the areas of the major
echoes or the time changes in the mass flux of rain as determined by
radar. In addition, within the major echoes the heavier rainfall amounts
determined by radar were not always in the same location as the colder
infrared areas (see Fig. 25). Because of the lack of correlation and
the displacement between satellite and radar areas, statistical calibration
of the satellite for rainfall estimation was not feasible in these cases.
For these reasons, the current geostatinary satellites do not appear to
be capable of estimating rainfall in midlatitude rain areas characterized
by relatively shallow convection even though the infrared sensors are
able to distinguish very broad raining areas from nearby areas with
little or no rain.
Table 26A
Correlation coefficients of the time variation of both radar echo area and precipitation mass
flux to satellite infrared area for the major echoes
Echo A Echo B
Satellite
digital
count
185
186
187
188
189
190
191
192
193
194
Correlation
Area
-0.31
-0.52
-0.55
-0.42
0.11
0.56
0.25
0.15
0.11
0.06
Coefficient
Rain
Mass Flux
-0.30
-0.55
-0.56
-0.35
0.14
0.54
0.32
0.21
0.18
0.09
Satellite
digital
count
175
176
177
178
179
180
181
182
183
Correlation
Area
0.24
0.35
0.30
0.60
0.24
0.21
0.20
0.10
0.19
Coefficient
Rain
Mass Flux
0.32
0.42
0.27
0.68
0.26
0.19
0.15
0.17
0.26
Table 26B
Correlation coefficients of the time variation of both radar echo area and precipitation mass
flux to satellite infrared area for the major echoes
Echo C Echo D
Satellite
digital
count
180
181
182
183
184
185
186
187
188
Correlation
Area
-0.36
-0.40
-0.27
0.29
0.37
0.49
0.49
0.40
0.09
Echo E
Coefficient
Rain
Mass Flux
-0.39
-0.42
-0.29
0.32
0.40
0.49
0.50
0.37
0.15
Satellite
digital
count
Correlation
Area
193
194
195
196
197
198
199
200
-0.43
-0.48
-0.21
-0.15
0.13
0.19
0.20
0.03
Coefficient
Rain
Mass Flux
-0.38
-0.42
-0.18
0.09
0.21
0.25
0.28
0.09
Satellite
digital
count
172
173
174
175
176
177
178
Correlation
Area
0.07
0.06
0.12
-0.08
-0.07
0.11
0.29
Coefficient
Rain
Mass Flux
0.13
0.14
0.12
-0.10
-0.09
0.17
0.27
Fig. 25
The 1902 GMT, 26dBZ (stippled areas), 30dBZ (dark areas) radar
reflectivity levels and the 1900 GMT colder infrared areas associated
with major echo A (short dashed lines), echo B (long dashed line) and
echo C for 19 April 1978. The short dashed lines within and to the
west and northwest of echo A represents the 192 infrared digital
level while the long dashed line near echo B represents the 181 infrared
digital level. Note that the heaviest areas of precipitation and
coldest infrared regions are not precisely in the same location.
There was no evidence in the 1900 GMT image that echo C was present.
There was also no evidence of precipitation to the west and northwest
of echo A in the 1902 GMT radar map.
VI. CONCLUSIONS
Radar studies of midlatitude cyclones have shown that precipitation
is typically organized into rainbands that have clearly definable
characteristics and behavior (Austin and Houze (1972), and Harrold and
Austin (1974)). Austin and Houze showed the rainbands can frequently
be characterized by LMSA's, SMSA's and cells. Analyses of two rainbands
cases in this study showed that the major echoes and LMSA's contained
within them have lifetimes that are long relative to the satellite
sensing time scale of a half hour. The duration of some SMSA's and all
cells that were detected by radar within the major echoes, for these two
cases, is on the same order as the time interval between successive
satellite images; it is important to note, however, that the typical
lifetime of SMSA's observed in this study is at the lower end of a time
scale first proposed by Austin and Houze (1972) (see Table 2).
The size of mesoscale areas within the rainbands and the total
contributions of these mesoscale areas to rainfall amounts over large
areas are important factors in determining the ultimate potential of
satellite rainfall estimation. Major echoes, LMSA's and SMSA's typically
are large enough in area for detection by current geostationary satellite
sensors. Radar rainfall mass-flux estimates for the cases examined in
this study show that when a single areal satellite average rainfall
estimate is desired for a large area (for example, 10,000 km2 ) and for
a period of several hours then major echoes, LMSA's and SMSA's must be
detected and monitored by the satellite. In this study, radar mass-flux
estimates of rainfall indicate that the cells contributed relatively little
(approximately 6% in the two cases examined) to rainfall averages over
large areas and, therefore, could be ignored in these cases with relatively
93
little loss of accuracy. However, in many other situations the
contributions of deep convective cells to total area rainfall is
significant (as much as 95% of rainfall in flash-flood situations
or over tropical oceans is accounted for by convective cells) and
cannot be ignored. SMSA's need to be detected and monitored in
the two cases examined in this study. On April 19 SMSA's contributed
about 14% to the total mass rainfall flux of major echoes, while on
May 15 SMSA's contributed over a third of the mass rainfall flux of
the major echo that contained them. In the May 15 case SMSA's needed
to be detected and monitored to determine accurately rainfall amounts,
while in the April 19 case SMSA's might be ignored with relatively
little loss of accuracy. The radar analyses of the rainbands
examined in this study indicate that the spatial and temporal resolution
of the current geostationary satellites are adequate for estimating
rainfall amounts contributed by LMSA's, major echoes, and most SMSA's.
The problem, therefore, was to determine whether or not the GOES satellite
could detect these mesoscale rain areas in situations chosen specifically
because of the relative absence of high clouds.
Although visual inspection of the satellite imagery indicated that
stratiform clouds prevailed in all three cases, comparisons of enhanced
infrared images with recording rain gages showed that cloud free areas
had relatively little rain and that the precipitating cloud areas
for two of the cases (April 19 and May 15) were slightly colder
relative to nearby non-precipitating clouds. Thus, the finding that
the relatively colder regions in the infrared imagery could separate
large areas with little or no rain from smaller areas with rain is
encouraging. For the cases examined, the visible imagery showed no
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ability to differentiate between precipitating and non-precipitating clouds.
Comparison of the hourly rain gage data and infrared imagery showed that
most of the rain gage locations that reported measurable hourly rain
were within or in the immediate vicinity of a subjectively determined
infrared threshold area. However, within the thresholded infrared region
the satellite could not distinguish raining from non-raining rain gage
locations very well (approximately 75% of the rain gages within the
infrared threshold region reported no measurable hourly rainfall). On a
broader scale, comparison of the radar echo rainbands in the two of the
cases in this study with the infrared threshold area showed some agreement
in terms of general shape and orientation.
If there were a positive relation between satellite-observed
quantities, radar and rain gages over a large area, then it might be
possible to estimate an average rainfall amount for very large areas.
To test this possibility, it was necessary to determine whether the
infrared theshold region could be calibrated with radar or rain gage to
give an average rain amount over the large cold cloud area. During the
4 or 5 hours that the hourly rain gages were compared to the radar and
satellite data, rain was more organized and widespread with slightly
larger rainfall rates on 19 April 1978 then on 15 May 1978 even though
the 24-hour rainfall totals for the two days were essentially the same.
The subjectively determined infrared threshold used to delineate raining
clouds, however, was slightly colder on 15 May 1978. Detailed comparisons
of the time change of both radar echo area and mass flux estimates of
rain to time change of infrared areas over the major echoes showed little
correspondence. On the average, correlation coefficients for the time
change of both radar echo area and mass flux of rain to the time variation
of infrared satellite areas were 0.06 to 0.10 respectively. Inspection
of the infrared imagery revealed that the location of the coldest areas
over the major echoes did not always coincide with the heaviest radar
determined rain areas. Thus, on the basis of the cases examined in this
preliminary study, it appears that it would be extremely difficult, and
perhaps impossible, to calibrate the infrared satellite imagery for
purposes of rainfall estimation in midlatitude situations characterized
by mesoscale rainbands with relatively shallow convection even when an
average estimate is desired for relatively large areas and for time
intervals of several hours.
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